The neurotrophins (NTs) have recently been shown to elicit pronounced effects on quantal neurotransmitter release at both central and peripheral nervous system synapses. Due to their activitydependent release, as well as the subcellular localization of both protein and receptor, NTs are ideally suited to modify the strength of neuronal connections by "fine-tuning" synaptic activity through direct actions at presynaptic terminals. Here, using BDNF as a prototypical example, the authors provide an update of recent evidence demonstrating that NTs enhance quantal neurotransmitter release at synapses through presynaptic mechanisms. The authors further propose that a potential target for NT actions at presynaptic terminals is the mechanism by which terminals retrieve synaptic vesicles after exocytosis. Depending on the temporal demands placed on synapses during high-frequency synaptic transmission, synapses may use two alternative modes of synaptic vesicle retrieval, the conventional slow endosomal recycling or a faster rapid retrieval at the active zone, referred to as "kiss-and-run." By modulating Ca 2+ microdomains associated with voltage-gated Ca 2+ channels at active zones, NTs may elicit a switch from the slow to the fast mode of endocytosis of vesicles at presynaptic terminals during high-frequency synaptic transmission, allowing more reliable information transfer and neuronal signaling in the central nervous system. NEUROSCIENTIST 8(6): 524-531, 2002. 
Experience-dependent changes in the efficacy of fast synaptic transmission are thought to be a mechanism by which an organism adapts and changes in response to interactions with its environment. How, where, and under what conditions these changes in synaptic strength occur has been under intense speculation for more than half a century. Since the development of Katz's seminal quantal theory of neurotransmitter release (Katz 1969) , a host of molecules have been evaluated for their ability to modulate synaptic strength by enhancing quantal neurotransmitter release. Advances in our current knowledge and technology have permitted for more precise delineation of pre-and postsynaptic sites of action with regard to enhanced synaptic transmission, although these sites are not always mutually exclusive. Recently, neurotrophins (NT) have emerged as candidates to mediate those modulatory actions at synapses because of their pronounced effects on quantal neurotransmitter release in both the central and peripheral nervous system.
The mammalian NTs, nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin 4/5 (NT-4/5) have all been shown to be essential for neuronal viability and differentiation, as well as synaptic plasticity in various brain regions relevant to learning and memory (for review, see McAllister and others 1999; Tyler and others 2002) . Two types of plasma membrane receptors mediate NT action: high-affinity tyrosine kinase receptors (Trk) and low-affinity panneurotrophin receptors (p75). Specific Trk receptors have preferential affinities for one or more of the NTs: TrkA for NGF, TrkB for BDNF and NT-4/5, and TrkC for NT-3 (Chao 1992) . For the purpose of this Neuroscience Up-date, we use BDNF as a prototypical example to review the actions of NTs at presynaptic terminals. With regard to their subcellular localization, BDNF and its TrkB receptor have been found in both pre-and postsynaptic compartments (for review, see Murer and others 2001) . Furthermore, BDNF can undergo both retro-and anterograde transport and signaling at the synapse in an activity-dependent manner (Kohara and others 2001) . Indeed, BDNF exerts its actions on hippocampal synaptic physiology by acting pre-, post-, and perisynaptically (for review, see Poo 2001) . The implications of activity-dependent bi-directional release and signaling at synapses make NTs ideally suited to modify the strength of neuronal connectivity by "fine-tuning" synaptic activity through direct actions at synapses. This is of particular importance for those synapses recruited by high levels of neuronal activity, providing a rapid switch from a low to highly active synapse. Not only are the mechanisms of plasticity during development similar to those proposed to occur during plasticity in the adult nervous system, but biologically similar molecular signals are often conserved to serve similar functions in a diversity of roles, enhancing the evolutionary advantage they confer. NTs appear to represent such molecular signals, by initially participating in the establishment of neuronal connections during development, as well as continuing to modify those neuronal networks long after their formation.
In the present Neuroscience Update, we review the evidence of the actions of BDNF at presynaptic terminals and propose a model for the mechanism of BDNF effects on quantal neurotransmitter release.
BDNF Acts at Presynaptic Terminals to Increase Quantal Neurotransmitter Release
BDNF and NT-3 were first reported to rapidly enhance synaptic transmission at cultured Xenopus neuromuscular junctions through a presynaptic mechanism (Lohof and others 1993) . It was subsequently demonstrated that BDNF increases the frequency of spontaneous synaptic transmission, as well as reduces the number of synaptic failures in acute slices of visual cortex, further supporting a presynaptic site of action (Carmignoto and others 1997) . BDNF increases the frequency of AMPA receptormediated miniature excitatory postsynaptic currents (mEPSCs) without affecting their amplitudes in cultured hippocampal neurons (Lessmann and others 1994; Lessmann and Heumann 1998; Li and others 1998; Collin and others 2001) , as well as in hippocampal slice cultures ( Fig. 1 ; Tyler and Pozzo-Miller 2001) , an effect indicative of an increase in quantal release probability without modulation of quantal content or postsynaptic AMPA receptors. Expression of a noncatalytic truncated TrkB receptor in presynaptic hippocampal neurons, but not in postsynaptic ones, prevents BDNF-induced increases in spontaneous neurotransmitter release in vitro (Li and others 1998) . Furthermore, in cultured hippocampal neurons, BDNF decreases paired-pulse facilitation, a simple and reliable measure of presynaptic properties with few assumptions (Foster and McNaughton 1991; Schulz and others 1994) , as well as the coefficient of variation of evoked EPSCs, another robust indicator of presynaptic properties, such as neurotransmitter release probability (P r ) and the number of release sites (Lessmann and Heumann 1998; Berninger and others 1999; Schinder and others 2000) . Synapses that initially have a low P r , show marked potentiation in response to BDNF, whereas synapses with high P r show little potentiation in response to BDNF (Lessmann and Heumann 1998; Berninger and others 1999) . This differential synaptic enhancement by BDNF could be affected by distinct differences in presynaptic calcium channel modulation and/or expression, as well as alterations in calcium release from internal stores, but most likely reflects overall differences in synapse maturity, in that Trk signaling has been shown to play a role in synapse maturation (Martinez and others 1998) .
Modern optical imaging techniques combined with the use of amphipathic fluorescent probes, such as the styryl dye FM1-43, have been used to directly detect the exocytosis and endocytosis of synaptic vesicles at small presynaptic nerve terminals (Betz and others 1992) , greatly enhancing our understanding of the vesicular trafficking events underlying neurotransmitter release (for review, see Cochilla and others 1999) . The use of styryl dyes eliminates the dependence of monitoring presynaptic function at small central terminals exclusively by the electrophysiological detection of postsynaptic events. Many fundamental properties of presynaptic terminals have been characterized using styryl dyes, including the size of the total recycling population of vesicles, the size of the readily releasable pool, the rate of endocytosis, and the rate of spontaneous vesicle undocking. Furthermore, styryl dyes incorporate into vesicles in a quantal manner that is proportional to P r (reviewed by Harata and others 2001) . It has been demonstrated using this optical imaging approach that BDNF enhances vesicle exocytosis from presynaptic terminals of embryonic cortical neurons in vitro, in a manner consistent with an increase in P r (Bradley and Sporns 1999) , supporting the hypothesis that BDNF enhances neurotransmitter release by facilitating vesicle mobilization and/or fusion at presynaptic active zones.
Mechanisms by Which BDNF Increases Quantal Neurotransmitter Release
It is well established that neurotransmitter release is directly modulated by aspects of presynaptic calcium signaling, including action potential duration, Ca 2+ transients mediated by presynaptic voltage-dependent Ca 2+ channels, and Ca
2+
-dependent interactions among synaptic vesicle proteins of the SNARE complex (for review, see Llinás and others 1995; Augustine 2001 ). Stoop and Poo (1996) demonstrated that BDNFinduced enhancement of synaptic transmission at cultured Xenopus neuromuscular junctions is correlated with an augmentation of presynaptic Ca 2+ influx from extracellular space. Although it has been proposed that NT-induced enhancement of neurotransmitter release is due to enhanced Ca 2+ signaling in the presynaptic nerve terminal Poo 1995, 1996) , very little is known regarding the modulation of presynaptic calcium transients by BDNF. BDNF has been shown to selectively up-regulate the functional expression of non-L-type (N-, P/Q-, and R-type) Ca 2+ channels in hippocampal pyramidal neurons (Baldelli and others 2000) , as well as in rat embryo motoneurons (Baldelli and others 1999) . These channel types are known to contribute to fast synaptic transmission at excitatory hippocampal synapses (Gasparini and others 2001) . Taken together, these observations suggest that Ca 2+ channels known to be involved in neurotransmitter release at small central synapses are a likely site for the initial modulatory action of BDNF at presynaptic terminals.
Another mechanism by which NTs could enhance quantal neurotransmitter release is to increase the size of the readily releasable pool of quanta, or its morphological correlate, the vesicles docked at the active zone Stevens 1997, 2001) . Synaptic fatigue during sustained high-frequency stimulation (HFS) is thought to result from the depletion of the readily releasable pool of synaptic vesicles (Model and others 1975; Dickinson-Nelson and Reese 1983; Zucker 1989; Dobrunz and Stevens 1997) . BDNF has been shown to prevent synaptic fatigue during HFS in hippocampal slices from developing rats (Figurov and others 1996; Gottschalk and others 1998) , whereas slices from BDNF knockout mice exhibit more pronounced synaptic fatigue than those from their wild-type littermates (Pozzo-Miller and others 1999). Additionally, disruption of endogenous BDNF/TrkB signaling elicits greater synaptic fatigue at CA3-CA1 synapses in hippocampal slices (Figurov and others 1996; PozzoMiller and others 1999) . Thus, prevention of synaptic fatigue during HFS increases synaptic reliability during the sort of protocols used to induce hippocampal long-term potentiation (LTP), and may represent a mechanism by which BDNF promotes LTP in slices from young rats (Figurov and others 1996) . Quantitative electron microscopy of docked synaptic vesicles (DV) at the active zone of hippocampal CA3-CA1 synapses lends support to the hypothesis that BDNF modulates the readily releasable pool of vesicles. Corresponding to the findings of pronounced synaptic fatigue during HFS, BDNF knockout mice had fewer DVs than their wild-type littermates (Pozzo-Miller and others 1999); similarly, it was shown that TrkB knockout mice also have fewer DVs at those CA1 synapses (Martinez and others 1998) . Subsequently, it has been demonstrated that BDNF increases the number of DVs at excitatory synapses in the CA1 region of hippocampal (Collin and others 2001) . Prior to the finding that BDNF increases the number of docked synaptic vesicles, the only manipulation that had been shown to increase the physiologically defined readily releasable pool of quanta was phorbol ester activation of PKC (Stevens and Sullivan 1998; Waters and Smith 2000) . Interestingly, TrkB receptor activation by BDNF leads to PKC activation via the PLCγ-DAG signaling pathway (Segal and Greenberg 1996) . The molecular targets of the NT signaling cascade involved in neurotransmitter release are beginning to be identified. Some of these targets include synaptic vesicle trafficking proteins as well as the proteins involved in the formation of the SNARE complex. In fact, BDNF has been shown to increase the expression of several SNARE proteins, which play a fundamental role in the formation of synaptic vesicle docking (Tartaglia and others 2001) . The expression of several vesicularSNAREs (v-SNAREs; synaptophysin, synapsin-I, and synaptotagmin-I) and target-SNAREs (t-SNAREs; SNAP-25 and syntaxin-1) is reduced in several hippocampal regions in TrkC and, to a greater extent, in TrkB knockout mice (Martinez and others 1998) . BDNF enhances glutamate release from synaptosomes dependent on MAPK phosphorylation of synapsin-I (Jova-novic and others 2000). Because one of the major functions of synapsins is to regulate the trafficking of synaptic vesicles between distinct pools within presynaptic terminals (Greengard and others 1993) , it seems likely that BDNF is facilitating synaptic vesicle docking through the modulation of these presynaptic vesicle proteins (PozzoMiller and others 1999). BDNF treatment of hippocampal slices from BDNF knockout mice not only rescues the pronounced synaptic fatigue that occurs during HFS, but it also rescues the expression levels of the reduced synaptic vesicle proteins, synaptobrevin and synaptophysin (Pozzo-Miller and others Fig. 2 . BDNF increases the number of docked synaptic vesicles at the active zones of CA3-CA1 excitatory synapses. A, Histogram plot of the number of docked synaptic vesicles per µm of active zone. Data are illustrated as mean ± SEM (control n = 98 synapses, BDNF n = 101 synapses; asterisk indicates P < 0.05). Interestingly, the effect on DV was observed in the absence of an observed effect on the total number of reserve pool vesicles. B, Representative electron micrographs of synapses on dendritic spines within CA1 stratum radiatum from serum-free control (top), and slice cultures treated with BDNF (250 ng/ml; bottom) for 5 days in vitro. Morphologically docked synaptic vesicles are indicated with a white circle superimposed with a black circle. (Modified from Tyler and Pozzo-Miller 2001.) 1999). Furthermore, it has recently been shown that rab3A, a small GTP-binding vesicular trafficking protein involved in the mobilization of synaptic vesicles from the reserve pool to the active zone, is necessary for BDNF enhancement of hippocampal synaptic transmission (ThakkerVaria and others 2001). Thus, it appears as though NT signaling plays a fundamental role in both developmental and adult activity-dependent synaptic plasticity through transcriptional and/or translational regulation of proteins, such as those of the SNARE complex, involved in vesicle mobilization, docking, and fusion at the active zone of presynaptic terminals.
Although it has become widely accepted that NTs increase the probability of neurotransmitter release, the temporal aspects of the signaling mechanisms underlying this enhanced neurotransmitter release remain under intense investigation. Although NTs have been shown to enhance the machinery known to be involved in neurotransmitter release (e.g., increased DVs, Ca 2+ channel expression, and SNAREs protein expression), the majority of these mechanisms require hours to days before they can be observed. The increase in neurotransmitter release mediated by NTs is, however, evident within minutes. Perhaps a lack of detection sensitivity prevents the precise characterization of the temporal aspect of NT-induced enhancement of neurotransmitter release. Considering the phenomenal speed at which neurotransmitter release occurs (Llinás and others 1995) , we propose that the initial site of NT action is likely to involve a direct modulation of the Ca 2+ signal that triggers either full vesicle fusion or the formation and expansion rate of the flickering fusion pore required for the exocytosis of neurotransmitter from synaptic vesicles.
The Role of Endocytosis in Maintaining Synaptic Transmission at Central Synapses
The small presynaptic terminals of neurons in the CNS may contain onlỹ 200 synaptic vesicles (Schikorski and Stevens 1997), of which, onlỹ 15%-20% on average are normally recycled Stevens 1998, 1999; Harata and others 2001 ). Yet, neurons from cortical structures recorded in vivo can fire short bursts of spikes at rates of up to 200 Hz during behavioral tasks (Buzsaki 1989; Buracas and others 1998; McAdams and Maunsell 1999; Carandini and Ferster 2000) . Therefore, a critical determinant of the ability of small, central synapses to maintain synaptic transmission during high-frequency activity is the rate at which synaptic vesicles can be recycled to a release competent state. The first and, perhaps, rate-limiting step in this process is endocytosis of depleted vesicles, which can occur via two mechanisms with vastly different kinetics. The process of conventional endocytosis is likely to prevail during low-frequency synaptic activity; in this mode, synaptic vesicles completely fuse with the plasma membrane (Heuser and Reese 1973) , are slowly retrieved through endosomal compartments, and eventually (within 30-60 s; Ryan and others 1993; Liu and Tsien 1995) are refilled with neurotransmitter to become release-competent. On the other hand, during high-frequency activity, presynaptic terminals may engage a faster vesicle retrieval locally at the active zone; in this "kiss-and-run" retrieval mode originally proposed by Bruno Ceccarelli (Ceccarelli and others 1973) , synaptic vesicles empty their contents without complete fusion with the plasma membrane and are immediately (within ~1 s) refilled and reused (Pyle and others 2000; Stevens and Williams 2000) .
Obviously, a switch from conventional to "kiss-and-run" endocytosis would permit synaptic transmission to be maintained during periods of high-frequency activity. A test of this hypothesis is illustrated in Figure 3 . Excitatory postsynaptic potentials (EPSPs) evoked by stimulation in layer 4 were recorded from pyramidal cells in layer 2/3 of acute slices from the primary visual cortex (S.P.P. & M. J. Friedlander, unpublished observations; methods described in [Perrett and others 2001] ). The figure shows representative examples of the synaptic depression that occurs during 5 Hz stimulus trains presented for 3 min (i.e., exactly 900 stimuli in each case). The only difference between the traces is that stimuli are presented at constant intervals (i.e., 200 ms interstimulus interval during constant stimulation) for the closed circles, whereas for the open circles stimuli are presented at Poissondistributed intervals (Poisson stimulation). Poisson-distributed intervals were chosen to approximate the natural spiking patterns of cortical neurons (Abbott and others 1997; Perrett and others 2001) , which fire in bursts followed by quiescent periods (Shadlen and Newsome 1998; Stevens and Zador 1998) . Much less synaptic depression is induced by Poisson stimulation than by constant stimulation, and the rate of recovery from that depression is significantly faster following Poisson stimulation. We believe this occurs because the stimulus bursts inherent in the Poisson pattern recruit the "kiss-andrun" mode of endocytosis, but the evenly spaced stimuli of the constant stimulus pattern do not. The critical assumption we make is that, in the absence of endocytosis, 900 stimuli should completely deplete synaptic vesicles at these small central synapses (Pyle and others 2000; Harata and others 2001) . Under this assumption, the large differences in rates of synaptic depression and recovery observed must be due to differences in the rate at which vesicles are recycled. Differential recruitment of the conventional and kiss-and-run endocytosis during the two stimulus pat- Fig. 4 . Working model for the mechanism by which NT-Trk signaling enhances quantal neurotransmitter release. The model depicted is an oversimplified illustration of mechanisms known to play a fundamental role in neurotransmitter release at fast chemical synapses. The upper panel illustrates SNARE-mediated synaptic vesicles docking at the presynaptic active zone. The Ca 2+ signal is illustrated as an isoconcentration surface depicting the Ca 2+ microdomain that triggers vesicle fusion, and neurotransmitter release (after Simon and Llinás 1985) . The lower panel depicts the same release site after activation of the signaling cascades triggered by NT binding to Trk receptors. The docked vesicle at far right presents a cutaway view for display purposes. This illustration shows an increase in both v-SNARE and t-SNARE proteins, an increase in the number of DVs, and the occurrence of overlapping Ca 2+ microdomains. Following NT-Trk signaling, an increase in the SNARE proteins associated with synaptic vesicle mobilization and targeting increases the number of docking sites, as well as the probability of a vesicle occupying that site. Direct NT modulation of Ca 2+ channels responsible for the appearance of a Ca 2+ microdomain results in the higher Ca 2+ levels necessary to switch from the conventional slow mode of vesicle retrieval to the faster and more reliable "kiss and run" endocytotic pathway.
terns is the most straightforward explanation for these differences.
Why might Poisson stimulation preferentially recruit kiss-and-run endocytosis relative to constant stimulation? Recent studies indicate that, like exocytosis, endocytosis is also regulated by Ca 2+ (Abenavoli and others 2001) . Indeed, larger Ca 2+ influx into presynaptic terminals triggers the faster kiss-and-run mode of endocytosis (Pyle and others 2000; Neves and others 2001; Sankaranarayanan and Ryan 2001) . Therefore, Poisson stimulation could induce less synaptic depression because the high-frequency bursts of stimuli that occur during the train would elevate Ca 2+ levels beyond the threshold for the recruitment of kissand-run endocytosis. During constant stimulation, this Ca 2+ threshold would not be exceeded and, therefore, endocytosis would occur in the slower conventional mode, leading to greater synaptic depression. In a similar manner, NTs could modulate endocytosis by triggering the kissand-run mode through its aforementioned effects on presynaptic Ca 2+ levels, an exciting possibility under current investigation in our laboratory.
Concluding Remarks
NTs enhance neurotransmitter release by modulating critical properties of presynaptic terminals, which allow them to reliably follow high rates of synaptic transmission. Because a flickering fusion pore during kiss-and-run endocytosis of synaptic vesicles is more efficient to prevent synaptic fatigue during highfrequency spiking, we propose that BDNF switches the mode of vesicle retrieval from conventional, slow full fusion to the faster kiss-and-run mode by modulating presynaptic voltage-dependent Ca 2+ channels. The initial effects of BDNF on presynaptic voltage-gated Ca 2+ channels are likely mediated by direct TrkB-dependent phosphorylation. Subsequently, this would lead to increased docking sites and enhanced vesicle mobilization from the reserve pool to the active zone mediated by SNARE and synaptic vesicle trafficking proteins. Increased docking sites will allow for more vesicles docked at the active zone and cause an overlap of Ca 2+ microdomains (Fig. 4) , further promoting the kiss-and-run mode of vesicle retrieval. In our working model, BDNF allows presynaptic terminals to follow high-frequency synaptic activity during short bouts of enhanced neuronal firing, like those observed during behavioral information acquisition and consolidation (Buzsaki 1989) . The modulation of neurotransmitter release by NTs has therapeutic implications for the improvement of the memory impairments observed in several neurodegenerative disorders, such as Alzheimer's disease.
